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Abstract 
Phase equilibrium in Nb-Si-Mo ternary alloys (<37.5 at.% Si) at 1 273 K and 2 073 K is investigated by using X-ray diffraction 
(XRD) analysis, scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The partial isothermal section at     
1 273 K, which contains four single-phase regions, five two-phase regions and two three-phase regions, is basically the same as that at  
1 973 K. However, when the temperature increases to 2 073 K, the three-phase region of Nbss+D-(Nb(Mo))5Si3+E-(Nb,Mo)5Si3 obvi-
ously moves towards the Nb-rich corner. This suggests that Nb-Si-Mo ternary alloys remain stable at least up to 1 973 K. 
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1 Introduction* 
As a kind of traditional material widely used in 
jet engines, Ni-based superalloys melt at ~1 350 °C 
and soften at above 1 150 °C. To raise the tempera-
ture at which high-temperature turbine (HPT) blades 
can operate, new material systems have been ex-
ploited. In recent years, Nb-silicide-based compos-
ites have emerged, which attract close attention 
thanks to their high melting point (>1 750 °C), low 
density (6.6-7.2 g/cm3 in comparison with 9.2 g/cm3 
for Ni-based superalloys) and excellent high-tem-
perature strength[1-4]. Nevertheless, low room tem- 
perature toughness appears to be a formidable ob-
stacle to the practical applications of these compos-
ites. As a common approach to solve the problem, 
and to strike a balance between high-temperature 
strength and room-temperature toughness with the 
expected microstructures, the alloying technique 
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must be capable of controlling the composition ac- 
curately. Therefore, as a basis of the alloying tech-
nique, the knowledge of the phase diagram becomes 
critically necessary. 
Great efforts have been made on the phase dia-
grams of Nb-Si-X (X = Hf, Ti, Al, Cr, Mo, W) ter-
nary systems[5-16]. It has been found that there exists 
a new eutectic reaction in the Nb-Si-Mo system[14], 
LėNbss+E-Nb5Si3 with Nbss representing the nio-
bium solid solution, through which Nb/Nb5Si3 in- 
situ composites with fine lamellar structures can 
evolve. On account of this function of Nb-Si-Mo 
alloys, close attention is attached to the phase equi-
librium of the system. Even though the isothermal 
section of the Nb-Si-Mo at 1 973 K[14,17-18] has been 
determined, neither phase equilibrium relationships 
nor microstructure changes with temperature are 
known. Therefore, to make clear the phase equilib-
rium of the Nb-Si-Mo system at different tempera-
tures, the author prepares Nb/Nb5Si3 in-situ com-
posites by arc melting and heat-treatment at 1 273 K 
and 2 073 K, and scrutinizes their phase composi-
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tions and the microstructures, to determine the 
phase equilibrium of Nb-Si-Mo alloys at both tem-
peratures. 
2 Experimental Procedures 
Various Nb-Si-Mo alloys (<37.5 at.% Si) were 
prepared by nonconsumable arc-melting in a wa-
ter-cooled copper crucible in an argon atmosphere. 
The raw material used contained 99.9 wt.% Nb, 
99.9 wt.% Mo and 99.999 wt.% Si. With the goal of 
ensuring chemical homogeneity of the products, the 
samples, apart from remelting thrice, undertook ho- 
mogenization heat treatments at 1 273 K for 240 h 
and 2 073 K for 48 h, separately. Thereafter, they 
were air-cooled to room temperature. All the sam-
ples were made on an electro-discharge machine 
(EDM) out of the arc-melted ingots. 
Microstructural observations were conducted 
by using back-scattered electron image (BEI) of 
scanning electron microscopy (SEM). The phases 
and their compositions were determined by using 
X-ray diffraction (XRD) and energy dispersive 
spectroscopy (EDS).  
3 Results and Discussion 
3.1 Partial isothermal section of Nb-Si-Mo   
     ternary system at 1 273 K 
Fig.1 shows an isothermal section of the Nb- 
Si-Mo ternary system at 1 273 K. In this diagram, 
the solid circles represent the nominal alloy compo-
sitions, whereas, the open circles the phase compo-
sitions and the dashed lines represent the tie lines. 
The diagram contains five two-phase regions: 
Nbss+D(Nb(Mo))5Si3, Nbss+E-(Nb,Mo)5Si3, D-(Nb- 
(Mo))5Si3+E-(Nb,Mo)5Si3, Nbss+(Mo(Nb))3Si and 
E-(Nb,Mo)5Si3+(Mo(Nb))3Si as well as two three- 
phase regions: Nbss+D-(Nb(Mo))5Si3+ȕ-(Nb,Mo)5- 
Si3 and Nbss+E-(Nb,Mo)5Si3+(Mo(Nb))3Si. As sho- 
wn in Fig.1, Nb-16Si-xMo (x = 5, 10, 15) alloys are 
located in the Nbss+D-(Nb(Mo))5Si3 two-phase re-
gion, whereas, the Nb-16Si-20Mo alloy is located in 
the Nbss+ȕ-(Nb,Mo)5Si3 two-phase region. There-
fore, a three-phase region of Nbss+D-(Nb- 
(Mo))5Si3+E-(Nb,Mo)5Si3 must exist between the 
two tie lines through the compositions of Nb-16Si- 
 
Fig.1  Partial isothermal section of an Nb-Si-Mo system at 1 273 K. 
15Mo and Nb-16Si-20Mo. It is found that Nb-16Si- 
17.5Mo is just in the three-phase region of Nbss+D- 
(Nb (Mo))5Si3+ȕ-(Nb,Mo)5Si3. 
Fig.2 shows the typical BEI of the Nb-16Si- 
xMo alloys (x = 5, 10, 15, 20) heat-treated at 1 273 
K for 240 h. By association of the XRD results with 
the observation from the BEI micrographs, the large 
bright nonfaceted particles can be identified as pri-
mary Nbss and the dark phases as Nb5Si3. Different 
from the microstructures of as-cast alloys[14], the 
heat treatment has removed the lamellar eutectic 
structures and caused the dark Nb5Si3 phase to dis-
tribute in Nbss matrix with a network structure. Ta-
ble 1 lists the phase constitutions of Nb-16Si-xMo. 
Table 1 suggests that Mo is much more preferably 
dissolved into Nbss than into Nb5Si3 phase. 
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Fig.2  BEI micrographs of Nb-16Si-xMo alloys heat-treated at 1 273 K for 240 h. 
Table 1 Phase constitutions of Nb-16Si-xMo alloys 
Alloys Nbss D-Nb5Si3 E-Nb5Si3 
Nb-16Si-5Mo Nb-7.06Mo-2.25Si Nb-0.75Mo-36.67Si — 
Nb-16Si-10Mo Nb-15.75Mo-1.00Si Nb-1.33Mo-36.30Si — 
Nb-16Si-15Mo Nb-24.06Mo-1.19Si Nb-1.52Mo-36.78Si — 
Nb-16Si-17.5Mo Nb-28.32Mo-1.45Si Nb-2.38Mo-35.39Si Nb-4.05Mo-34.29Si 
Nb-16Si-20Mo Nb-31.00Mo-1.61Si — Nb-5.61Mo-35.54Si 
 
Fig.3 and Fig.4 illustrate the XRD pattern and 
the BEI micrographs of the Nb-16Si-17.5Mo alloy 
heat-treated at 1 273 K for 240 h. According to the 
XRD pattern (see Fig.3), the Nb-16Si-17.5Mo alloy 
consists of three phases, namely, Nbss, D- 
(Nb(Mo))5Si3, and E-(Nb,Mo)5Si3. Associated with 
EDS analysis, the bright phase in Fig.4 is believed 
to be Nbss with a mean composition of Nb- 
28.32Mo-1.45Si, and the dark phase to be the D- 
(Nb(Mo))5Si3 and ȕ-(Nb,Mo)5Si3, with mean com-
positions of Nb-2.38Mo-35.39Si and Nb-4.05Mo- 
34.29Si, respectively. The Si concentration is essen-
tially the stoichiometric composition of the Nb5Si3- 
type phase. From the higher magnified microstruc-
tures (Fig.4(b)), it can be seen that the Nb5Si3 
phases with fine lamellar structures precipitate in 
the Nbss matrix. However, the mechanism of this 
precipitation remains unclear and warrants further 
investigation. 
Fig.5 displays the microstructures of Nb-16Si- 
74Mo and Nb-30Si-69Mo alloys. As shown in Fig.1, 
the two alloys are located in Nbss + (Mo(Nb))3Si 
and E-(Nb,Mo)5Si3 + (Mo(Nb))3Si two-phase re-
gions, respectively. For the Nb-16Si-74Mo alloy 
(see Fig.5(a)), the gray continuous matrix is 
(Mo(Nb))3Si, with some large bright non-faceted 
Nbss and small rod-shaped or needle-shaped Nbss 
distributing at random. The mean compositions of 
Nbss and (Mo(Nb))3Si are measured to be Nb- 
87.96Mo-2.39Si and Nb-65.99Mo-23.24Si, respec-
tively. The Si concentration of (Mo(Nb))3Si is es-
sentially the stoichimetric composition. 
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Fig.3  XRD pattern of Nb-16Si-17.5Mo alloy heat-treated at 1 273 K for 240 h. 
 
(a)                                         (b) 
Fig.4  BEI micrographs of Nb-16Si-17.5Mo heat-treated at 1 273 K for 240 h. 
 
(a) Nb-16Si-74Mo                             (b) Nb-30Si-69Mo 
Fig.5  BEI micrographs of Nb-16Si-74Mo and Nb-30Si-69Mo heat-treated at 1 273 K for 240 h. 
Fig.5(b) shows the equilibrium microstructure 
of Nb-30Si-69Mo. This alloy is distinct in the E- 
(Nb,Mo)5Si3+(Mo(Nb))3Si two-phase region. The 
dark phase with mean composition of Nb-61.72Mo- 
36.6Si is confirmed to be the ȕ-(Nb,Mo)5Si3, 
whereas, the gray matrix with composition of Nb- 
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74.48Mo-24.15Si is (Mo(Nb))3Si. In the continuous 
matrix, besides some large dark non-faceted E- 
(Nb,Mo)5Si3 dendrites, there existed small dot-sha- 
ped and/or needle-shaped E-(Nb,Mo)5Si3 distributed 
randomly. Several cracks can be observed, which 
might be blamed for rapid cooling rate during so-
lidification. 
Fig.6 reveals the BEI micrograph of Nb-25Si- 
50Mo. This alloy consists of three phases: bright, 
gray, and dark phases. Associated with XRD results, 
they can be identified as Nbss, (Mo(Nb))3Si and 
E-(Nb,Mo)5Si3 with mean compositions of Nb- 
74.94Mo-2.43Si, Nb-53.87Mo-22.84Si and Nb- 
28.74Mo-36.6Si, respectively. In Fig.6, the large 
dark ȕ-(Nb,Mo)5Si3 and the small rod-shaped and/or 
needle-shaped Nbss scatter in the continuous 
(Mo(Nb))3Si matrix. Besides, some fine (Mo(Nb))3- 
Si particles precipitate in the large E-(Nb,Mo)5Si3 
particles. 
 
Fig.6  Microstructure of Nb-25Si-50Mo heat-treated at    
1 273 K for 240 h. 
To sum up, the 1 273 K isothermal section of 
the Nb-Si-Mo system can be presented as shown in 
Fig.1, in which the boundaries of the two three- 
phase regions are determined by the composition of 
the three constituent phases. Compared with the    
1 973 K partial isothermal section[14], the phase 
equilibrium relationships remain basically un-
changed. Therefore, it is conceivable that, when the 
temperature is under 1 973 K, the Nb-Si-Mo ternary 
alloys are thermodynamically stable. 
3.2 Phase equilibrium of Nb-Si-Mo system at 
2 073 K 
The phase constitutions of Nb-16Si-xMo (x = 5, 
10, 15) and Nb-20Si-10Mo alloys heat-treated at   
2 073 K for 48 h were studied to determine the    
2 073 K phase equilibrium. The XRD results (Fig.7) 
confirm that the Nb-16Si-10Mo and the Nb-20Si- 
10Mo alloys are composed of three phases of Nbss+ 
D-(Nb(Mo))5Si3+E-(Nb,Mo)5Si3, whereas, the Nb- 
16Si-5Mo and the Nb-16Si-15Mo alloys contain 
two phases of Nbss+D-(Nb(Mo))5Si3 and Nbss+E- 
(Nb,Mo)5Si3, respectively. This indicates that the 
three-phase region of Nbss+D-(Nb(Mo))5Si3+E-(Nb, 
Mo)5Si3 at 2 073 K lies between Nb-16Si-5Mo and 
Nb-16Si-15Mo, which is different from the 1 273 K 
three-phase region of Nbss+D-(Nb(Mo))5 Si3+E-(Nb, 
Mo)5Si3 lying between Nb-16Si-15Mo and Nb- 
16Si-20Mo (as shown in Fig.1). 
 
Fig.7  XRD patterns of Nb-16Si-xMo (x = 5, 10, 15) and 
Nb-20Si-10Mo alloys heat-treated at 2 073 K for 
48 h. 
Fig.8 illustrates the microstructures of Nb- 
16Si-xMo (x = 5, 10, 15) and Nb-20Si-10Mo alloys. 
Except for Nb-20Si-10Mo, the others are hypoeu-
tectic with bright Nbss as the large primary phase. 
The dark phases in the Nb-16Si-10Mo and Nb- 
20Si-10Mo are mixture of D-(Nb(Mo))5Si3 and E- 
(Nb,Mo)5Si3, whereas, comparing the four micro-
graphs in Fig.8, it can be seen that, aside from the 
different primary phases, the rest parts of the micro-
structures are basically same — the Nb5Si3 phase 
distributed in the Nbss matrix with a complex net-
work structure. 
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Fig.8  BEI micrographs of Nb-16Si-5Mo, Nb-16Si-10Mo, Nb-20Si-10Mo, and Nb-16Si-15Mo alloys heat-treated 
at 2 073 K for 48 h. 
4 Conclusions 
This article investigates the microstructures 
and phase equilibrium of Nbss/Nb5Si3 in situ com-
posites of the Nb-Si-Mo ternary system. The com- 
posites consist of D-Nb5Si3 or E-Nb5Si3, depending 
on the heat treatment temperature and their compo-
sition. The isothermal section at 1 273 K is almost 
the same as the one at 1 973 K. However, compared 
with the phase equilibrium at 1 973 K, the three- 
phase region of Nbss +D-(Nb(Mo))5Si3 + E-(Nb, 
Mo)5Si3 moves towards Nb-rich corner at 2 073 K, 
which suggests that the Nb-Si-Mo ternary alloys are 
thermodynamically stable at least up to 1 973 K. 
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